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Biofiltration is a typical air pollution control process for the treatment of volatile organic compounds
(VOCs). Mass transfer of hydrophobic VOCs to the biofilm is limited which leads to low removal efficiency
(RE). Aiming to enhance the transport of hydrophobic VOCs, the effect of hydrophobic fumed silica (HFS)
addition to a biofilter (BF) for pentane removal was studied in this paper. The effect of HFS on pentane
removal was evaluated by daily RE measurements and periodical headspace gas pentane pulse injections
using SIFT-MS as analysis apparatus. The BF was operated during more than 100 days at an empty bed
residence time (EBRT) of 120 s reaching an elimination capacity (EC) up to 93.8 g pentane m3 h1. At the
last stage of the study, when a higher nutrient pulse and HFS to a concentration of 1.5% w/w wet were
added, the BF showed better EC (46.3 ± 14.9 g pentane m3 h1; RE ¼ 96.2%) compared to the previous
stages (28.3 ± 4.4 g pentane m3 h1; RE ¼ 68.3%). This overall performance improvement was in line
with the short peak perturbation experiments carried out during the operational time which demon-
strated, by net retention time (NRT) determination, to be a fast and reliable tool to gain insights into the
behaviour of pollutants inside the BF and its state. Pentane demonstrated to have larger interactions with
the packing material when HFS was added. NRT/EBRT ratio variated along the whole operational time,
being larger at the last stage.
© 2020 Elsevier Ltd. All rights reserved.1. Introduction
The emission of airstreams containing atmospheric pollutants
have increased over the last few decades due to the ever-increasing
global population and industrialization levels, and have turned intoz).a major challenge to overcome (Delhomenie and Heitz, 2005).
Among these pollutants, the removal of VOCs have been recognized
as a leading priority because of their potential hazards to the
environment and public health (Norris et al., 2019; Rene et al.,
2010a,2010b). VOCs are emitted by a broad range of industries
which produce fuel, paint, paper, solvents etc. (Hu et al., 2016; Rene
et al., 2018). Hydrophobic VOCs are generally more difficult to
remove due to their low mass transfer from the gas phase to the
liquid aqueous phase (Arriaga and Revah, 2005; Deshusses and
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drophobic compounds (Henry’s law coefficient i.e. 40 ()) and its
removal from waste gas streams gained considerable attention in
the last decade (Ortiz et al., 2008; Vergara-Fernandez et al., 2011).
Pentane is widely used in the processing industry, especially
polystyrene foam production as blowing agent, and serves as a
component in vehicle fuels.
Several techniques have been conducted to remove hydropho-
bic VOCs from airstreams. Recently, biological techniques have
been proven to exhibit many operational, environmental and cost
advantages over conventional physico-chemical techniques like
adsorption or incineration (Cheng et al., 2016a,2016b; Saucedo-
Lucero et al., 2014).
Among the biological techniques, biofiltration has been
demonstrated to be an efficient and cost-effective technology to
treat large volumes of low concentration hydrophobic VOCs
contaminated airstreams (Bruneel et al., 2018; Yang et al., 2018).
Biofilters are bioreactors in which a humidified and polluted air
stream passes through a packing media in which a mixed con-
sortium of microorganisms capable of degrade that pollutant is
immobilized. However, in spite of being a broadly used technique,
compared to fungal BFs the main drawback of bacterial based BFs is
the low mass transfer of the pollutant to the biomass (biofilm),
which reduces its bio-availability (Mudliar et al., 2010).
Several strategies have been tested to enhance the bioavail-
ability of hydrophobic VOCs to the biofilm. The application of a pre-
treatment (Sun et al., 2010), the co-treatment with hydrophilic
compounds (Dixit et al., 2012), the use of bioreactors with fungi
(Estrada et al., 2013; Rene et al., 2010a,2010b; Vergara-Fernandez
et al., 2018) or the addition of substances as means for enhancing
VOCs solubility, like silicone oil or surfactants (Cheng et al.,
2016a,2016b; Wang et al., 2013; Yang et al., 2010) have been
introduced in the recent years. However, despite meaningful ad-
vances have been achieved, every method still has some in-
conveniences like the generation of more toxic and harmful by-
products or excessive biomass growth which leads to column
clogging (Chen et al., 2012; Cheng et al., 2016b).
Due to its hydrophobic properties, fumed silica is extensively
used in many applications like emulsion stabilization, reinforcing
filler for rubber, printing toners enhancement or cosmetics
formulation (Macedo Fernandes Barros et al., 2019). They are ob-
tained by the pyrolysis of silicon tetrachloride at high temperatures
in a hydrogen-oxygen flame. This reaction moves to the formation
of protoparticles which aggregates to form primary particles
(Fl€orke et al., 2008). The high adsorption interactions of hydro-
phobic fumed silica (HFS) with hydrophobic VOCs have been pre-
viously reported in literature (Huang et al., 2018;Wang et al., 2016).
These interactions may improve the mass transfer rates of hydro-
phobic VOCs from the waste gas stream to the biofilm, enhancing
the overall BF performance. The addition of HFS could exhibit some
advantages over the different strategies used to improve BF oper-
ation stated above such as the lack of degradability by bacteria and
biomass washing effect compared to surfactants. To the best of our
knowledge, the addition of these silica colloids has not been tested
and can serve as a novel additive to biofilters.
When studying a BF it is valuable to determine the pollutants
behaviour inside the bioreactor. The packing media interactions
with the contaminant correlate well with BF overall removal effi-
ciency. In order to address this evidence, a new method based on
net retention time (NRT) measurement through short peak
disturbance experiments was proposed. The application of this
technique to follow-up the BF performance represents a novel
approach which could be applied to evaluate the different phe-
nomena encountered by the pollutant through the wet porousmedia along time.
Therefore, the main purpose of this work was to investigate the
interactions of pentane with the BF medium after introducing HFS
into the BF by peak perturbation experiments and its potential to
enhance pentane removal from an airstream.
2. Material and methods
2.1. Chemicals
Pentane (C5H12, 99%, (VWR, USA)) was used as a model hydro-
phobic VOC. HFS (C8H24O6Si5, Aerosil® R 106) was purchased from
Evonik Industries (Belgium). According to the suppliers’ informa-
tion, this fumed silica has a BET surface area of 220e280 m2 g1.
2.2. Experimental set-up
The experimental work was carried out in a BF built using two
cylindrical modules of Plexiglas. The total height of the BF column
was 0.42 m and the internal diameter was 0.1 m. The upper module
was filled with 0.2 m packing material composed by compost and
wood barks representing a packed volume of 1.33 L, while the lower
one was filled with a 0.2 m layer of Pall rings to homogenize the
inlet stream. The incoming air of the BF contains pentane as single
compound and was generated by a home-made system which was
previously reported by Bruneel et al. (2018) (elements 1e3 in Fig.1).
The air flow through the BF was set at 0.66 L min1. The inlet flow
was humidified (i.e relative humidity (RH) more than 99%) in order
to prevent dehydration of the BF and was measured using a cali-
brated rotameter (elements 4e5 in Fig. 1). Allowing to perform
peak perturbation experiments, an injection port (stainless steel
Swagelok tube fitting, union tee, 1/4 inch, equipped with septum)
was placed before the inlet of the BF where gaseous samples could
be injected (element 6 in Fig. 1).
Two measuring ports were installed before and after the BF for
inlet and outlet pentane concentration determination (elements
8e9 in Fig.1). Selected Ion Flow TubeMass-Spectrometry (SIFT-MS)
was used to follow the performance of the BF online. In order to
measure the pentane concentration present at the inlet and outlet
flows, a slight overpressure was generated into the BF by closing a
valve present at the outlet stream of the BF (element 12 in Fig.1). By
this method, two small flows passing through lines 8 and 9 (Fig. 1)
which represents the inlet and outlet streams, respectively, were
produced. These inlet and outlet flows were connected to a 4-way
valve (element 10 in Fig. 1) which allows to quickly switch between
the analysis of both streams (less than 5 s adaptation time). Before
the SIFT-MS, a calibrated rotameter was installed to ensure that
enough flow is entering the SIFT-MS (~15 mL min1). CO2 produc-
tion was determined by using a CO2 probe (MI70, Vaisala, Finland).
2.3. Biofilter start-up and operation
The BF was operated at room temperature (i.e. 21 ± 2 C) for
more than 100 days. The operating conditions of the BF are sum-
marized in Table 1.
At the start of this study, the BF was filled with pre-adapted
packing material that was used in a study to treat pentane with
an inlet load (IL) of 40 g m3 h1 for 180 days (unpublished data).
After two days without pentane loading, the BF was started at day 1
with an IL of 13.8 ± 2.3 g m3 h1 and an empty bed residence time
(EBRT) of 120 s during 10 days (Table 1, Stage I). After this start-up
phase, from day 11, the IL was increased to an average of
42.7 ± 9.8 g m3 h1 and kept constant for the rest of the operation
time (Table 1, Stages II-V). At days 37 and 79, HFS was mixed with
Fig. 1. Experimental set-up with (1) mass-flow controllers, (2) valve, (3) stainless-steel bottle with pure VOC liquid, (4) humidification bottle, (5) rotameter, (6) injection port, (7) BF
(1.33 L working volume) (8) inlet stream, (9) outlet stream, (10) four-way valve, (11) rotameter and (12) valve.
Table 1
Summary for operating conditions during experimentation.
Stage Time (days) Duration (days) HFS (% w/ww) Action IL (g pentane m3 h1) C/N ratio (mol mol1) Pentane inlet (ppmv)
I 1e11 10 0 Start-up 13.8 ± 2.3 e [209124]
II 12e36 24 0 Control 43.4 ± 9.0 14 ± 3.4 [761351]
III 37e63 26 0.25 HFS addition 41.3 ± 7.0 9.5 ± 3.3 [775374]
IV 64e78 14 0/0.25 Recovery 38.3 ± 3.1 1.8 ± 0.1 [504386]
V 79e107 28 1.5 HFS addition 48.0 ± 15.0 2.3 ± 0.7 [1063422]
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pseudo-steady state and enough data was collected to move to
another experimental condition. Pure HFS was added in particulate
form to the original BF material to a certain concentration of 0.25
and 1.5% HFS mass to wet packing material mass (% w/ww) to find
out the effect of different HFS concentrations. From an economical
and environmental point of view the use of the least amount of HFS
is desirable. Therefore, the minimum amount to slightly (0.25% w/
ww) and completely (1.5% w/ww) cover the packing material were
selected.
In order to enhance the BF performance, a nutrient solution
based on a C: N: P ratio of 100: 5: 1 was prepared as follows (g L1):
KNO3, 95.3; Na2HPO4$2H2O, 12.7; KH2PO4, 3.2; MgSO4, 0.8; CaSO4,
1.5; Stabilox, 2.1. A certain volume of 15 or 150 mL of this nutrient
solution was diluted with deionised water up to a total volume of
200 mL and thoroughly mixed with the packing material when the
RE notably dropped.
The IL, removal efficiency (RE) and elimination capacity (EC)
were used to study the performance of the BF daily.
2.4. Toxicity tests
HFS was added to the packing material to evaluate possible
inhibitory effect on pentane degradation by the present microor-
ganisms. Experiments were carried out after the successful start-up
of the BF. At day 33, concentrations of 0.1 and 0.5% w/ww HFS plus
control (without HFS) were tested while at day 73, concentrations
of 1 and 1.5% w/ww HFS were studied plus control (without HFS).
25 g of randomly selected bed packing was sampled and put into a
550 mL glass laboratory vessel closed with a screw cap equipped
with injection ports to connect SIFT-MS. Then, once HFS to a desired
concentration was mixed with the packing material, 350 mL of
headspace gas of pentane (0.6 mg) was injected into the closed
vessel. Pentane concentration was then monitored by SIFT-MS to
determine the pentane uptake by microorganisms. To determinethe degradation rate, the logarithm of the initial concentration of
pentane (C0) divided by the different concentrations of pentane (C)
was plotted versus time. It was considered that an HFS concen-
tration was toxic to microorganisms when their pentane uptake
speed was significantly lower than that of control vessels.
2.5. Peak perturbation experiments
Next to standard performance measurements to obtain IL, EC
and RE values, the present study also consists of peak perturbation
experiments which were accomplished to study the interaction of
pentane with the BF medium during the operational time. Pulse
injections of compounds with different chemical-physical proper-
ties in biofilters has been proven to be a successful method to
collect information about their mass transfer resistance and
external porosity (Volckaert et al., 2016). However, this methodol-
ogy has not been applied to collect information about BF perfor-
mance during the whole operational time so that an innovative
procedure application is proposed in this work.
These short pulse experiments are established by adding small
quantities of pentane into the injection port prior the inlet of the BF.
These small additions have a typical peak response which can be
followed by an online monitoring system able to measure the
concentration at second time resolution such as SIFT-MS at the inlet
and outlet sample line of the BF. Hereby, effect of different EBRTs
(240 to 8s) and different mass concentration pulses (88e3537 mg)
on pentane removal was evaluated. During the performance of
these experiments, the incoming pentane loading was shortly
stopped. It is assumed that this short break did not change the
activity of the biomass in the BF.
The higher the Henry’s constant (H) of the compound the higher
will be its interaction with the biofilm and the lower its interaction
with the wet packing material. Aiming to collect information about
these interactions, pulse injections of pentane were performed. Net
residence time (NRT) was calculated by the time difference
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longer the time difference between the inlet and outlet peak, the
larger the interaction of the compound with the BF medium. These
NRT values were normalized dividing them by the EBRT in order to
compare them at different EBRTs. NRT/EBRT ratio has been previ-
ously used for external porosity measurement (Bruneel et al., 2018;
Volckaert et al., 2016) using low soluble chemical compounds non-
biodegradable by the biomass present in the bioreactor. However,
in this study the NRT/EBRT ratiowas chosen as a parameter to study
the interactions of pentane with the biofilm and therefore the
performance of the BF.
2.6. Analytical instruments
2.6.1. SIFT e MS
The concentration of pentane in the airstream was monitored
online by a Voice 200® SIFT-MS (SYFT Technologies Ltd., Germany).
This VOC measurement technique relies on a soft chemical ioni-
zation of VOCs in a helium flow tube with precursor ions (H3Oþ,
NOþ and O2þ). After reaction and counting (determination of the
counts per second of precursor and product ions by a downstream
quadrupole mass spectrometer) concentration data is obtained at
second time resolution. This allows to measure fast responding
dynamic profiles and daily follow-up in a short time.
2.6.2. Ion chromatography
In order to determine the nutrients uptake by microorganisms
present in the BF, packing material (approximately 10 g) was
randomly sampled from the BF packing material along the total
length. The sample material was soaked in 100 mL deionised water
and well shaked for 1 h to extract the nutrients. This liquid was
filtered with filter paper and 0.22 mm syringe filter and analysed
with ion chromatography (IC). A cationic column (Dionex IonPack
AS14A-5 mm) and ion suppressor unit (AMMS III 2 mm, Dionex)
were used. Species present in the nutrient solution like nitrate
(NO3), phosphate (PO4), and sulphate (SO4) were quantified.
3. Results and discussion
3.1. Toxicity tests
Supplementary Fig. S1 illustrates the degradation speed of
pentane when different concentrations of HFS were added to the
consortium of bacteria present in the biofilm. The ECs of the
bioreactor were 31.9 and 14.7 g m3 h1 at day 33 and 73,Fig. 2. (a) Inlet load (IL e g m3 h1), elimination capacity (EC e g m3 h1) and removal effi
days indicated with red arrows. (b) Elimination capacity (EC e g m3 h1) in function of
references to colour in this figure legend, the reader is referred to the Web version of thisrespectively. The data detailed in Fig. S1 can be only compared to its
own control (no extra addition of HFS). It is clear that a higher
degradation speed is obtained in batch tests when a higher EC was
obtained in the BF. At day 33, an average degradation speed of
0.059 ± 0.005 ppmv min1 was found in contrast to an almost 3
times lower average speed of 0.023 ± 0.001 ppmv min1 found at
day 73.
So, as shown in Fig. S1, no significant difference was found be-
tween the pentane uptake rate of the BF medium with any of the
HFS concentrations tested (0.1, 0.5, 1 and 1.5% w/ww) and their
respective control vessels with no HFS added. Therefore, HFS up to a
concentration of 1.5% w/ww was considered to be non-toxic to the
microbial consortium present in the BF.
3.2. Operation time
During the start-up phase (Stage I), the BF took 4 days to in-
crease the RE from 54 to 98% at IL of 13.8 ± 2.3 g m3 h1. Obtaining
these high RE values in this short period could be explained by the
pre-adaptation of the present bacterial consortium to a pentane
loading in another BF for more than 180 days to similar IL. From day
11, the IL was increased to 42.7 ± 9.8 g m3 h1 and kept constant
for the rest of the operation time (Fig. 2a). Pentane ECs during the
different stages showed in Fig. 2a were represented in function of
the IL (Fig. 2b). The lowest ILs supplied to the BF correspond to the
Stage I when the start-up was successfully carried out (Stage I,
Fig. 2a).
During stages II (control) and III (HFS addition of 0.25% w/wW),
the BF overall performance remained more or less constant,
reaching an EC up to 35 gm3 h1. The average ECs obtained during
the Stage II and III were 30.1 ± 3.7 g m3 h1 and 26.8 ± 4.3 g m3
h1 (p-value 0.026), respectively. Nutrients (15 mL) were supplied
at days 23 and 51 in order to enhance BF performance. These small
nutrient additions improved the RE and helped to keep the BF
performance stable. Generally, the difference between the BF
behaviour during the stages II and III was slight.
At day 64, after several days of consistent EC drop, a larger
nutrient pulse of 150 mL was added to the BF. This higher nutrient
pulse led to a EC decline to 4.6 g m3 h1, showing the worst per-
formance of the whole operation time (Fig. 2a, day 65). This may
have happened because the nutrient solution was not as diluted as
the previous ones, so it could have caused osmotic stress on the
bacterial population inducing substantial damage. This hypothesis
concurs well with previous findings of the detrimental effect of
osmotic pressure on bacterial activity (Avalos-Ramirez et al., 2012;ciency (RE e %) in function of time. Peak perturbation experiments were conducted on
inlet load (IL e g m3 h1) at different stages of the study. (For interpretation of the
article.)
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high flowrates of nutrients could lead to lower removal efficiencies
in biotrickling filters treating hydrophobic VOCs (Zhu et al., 1998).
From day 64, the BF started a recovery phase (Fig. 2a, Stage IV) in
which the HFS was considered to be gone cause the nutrient
addition provoked its removal. This abundance of nutrients pre-
sents on the BF probably led to an enhancement of biomass growth
which resulted in an EC increase to 29.4 g m3 h1 at day 77.
At day 78, HFS was added to the BF to a concentration of 1.5% w/
ww (Stage V). This addition resulted in an average EC of
46.3 ± 0.7 g m3 h1 (RE ¼ 96 ± 4%) which remained constant until
the end of the operation time. At this final stage the EC increased
reaching a highest elimination capacity in this study of 91 g m3
h1 (RE ¼ 97%) during a short period of time (Fig. 2a, day 98). This
increase helped to collect data of the behaviour of the BF during a
short increase of the IL. To the best of our knowledge, the highest EC
obtained in this study was the highest obtained for pentane
removal in a bacterial-based BF. This high EC value obtained in the
present work is higher than others reported previously in the
literature with bacterial populations and similar to others using
fungi. An ECmax of 12 g m3 h1 (RE ¼ 65%) for an EBRT of 1.1 h was
found by Dupasquier et al. (2002) using a BF inoculated with
Pseudomonas aeruginosa while experiments performed by Lu et al.
(2001) using a trickle-bed air BF resulted in a ECmax of 20 g m3 h1
(RE ¼ 80%; C/N molar ratio ¼ 0.03) at EBRTs ranging from 4 to
1.3 min. Similar values to our ECmax with much lower REs were
obtained using Fusarium Solani by: (i) Ortiz et al. (2008) using a BF
packed with perlite (ECmax ¼ 100 g m3 h1; RE ¼ 33%;
EBRT ¼ 5 min; C/N molar ratio ¼ 0.56) and; (ii) Vergara-Fernandez
et al. (2011) studying a BF packed with dry vermiculite
(ECmax ¼ 110 g m3 h1; RE ¼ 19%; EBRT ¼ 3.7 min; C/N molar
ratio ¼ 8.72).
This generally better results obtained in the Stage V could be
accounted for in part by the higher HFS concentration, by the
optimal content of nutrients present on the BF or, most likely, by a
synergic effect of both of them. Nutrients have been demonstrated
to play a key role on biofilters treating VOCs (Vergara-Fernandez
et al., 2012; Yang et al., 2002) so if the mixed bacterial con-
sortium have been suffering of nutrient limitation during the Stages
II and III, it may have affected to its overall performance.3.3. Net retention time/empty bed residence time ratio
In order to study if the NRT determination could be a comple-
mentary fast technique to evaluate the performance of the BF and
its interaction with the pollutant, NRT was calculated during the
different stages of the study.Fig. 3. (a) Net residence time (NRT) divided by the empty bed residence time (EBRT)Fig. 3a shows the effect of HFS addition to the BF on the outlet
peak shape of 2 mL headspace pentane gas (3.5 mg) pulse in-
jections for a same EBRT of 120 s carried out at days 29, 40, and 85
(Stages II, III and V, respectively). The depicted data in Fig. 3a is a
representative selection from all the peak perturbations experi-
ments carried out during the whole operational time, which are
represented in Fig. 4a. It can be seen that both the height and width
of the outlet peaks varied over the time. Also, the peak area elim-
inated (EPeakArea, %) i.e., the difference of inlet and outlet peak areas
divided by the inlet area, was calculated. While there is no signif-
icant difference between the removal, height or width among the
outlet peaks of the days 29 and 40, the NRT increased from 85 to
167 s. However, when comparing the outlet peak parameters of the
day 28 and 39 versus the one obtained from day 85 there were
significant differences. The outlet peak obtained when there was
none (day 29) or 0.25% w/ww HFS added (day 40) to the BF had an
average height andwidth of 21± 1.7 ppmv and 505 ± 17.0 s while, in
contrast, when there was added 1.5% w/ww HFS (day 85), these
parameters were reduced to 1 ppmv and 350 s, respectively. An
average EPeakArea of 22% was found in the peaks corresponding to
the stage II and III compared to the 99.7% of the Stage V peak. Also,
the NRTobtained at day 85was the highest of the three, being 180 s.
These variations could be explained because of the addition of HFS.
This additive may have led to an increased mass transfer rate of
pentane to the packing material which in turn would have pro-
voked an increase in biomass concentration. These events may have
caused a different behaviour of pentane into the BF.
Fig. 3b shows the variation of the NRT/EBRT ratio during the
whole experimental time. This plot is in good agreement with the
Figs. 2 and 3a in which a better performance is shown in stage V
than stages II and III. Therefore, it can be concluded that the NRT is a
helpful parameter to determine. Its determination could help to
measure the compounds interactions with the packing material
that could be related to the overall performance of the BF.
In order to confirm if this NRT variation could be explained by a
change of the packing conformation of the bedding, we made an
experiment in which methane (inert gas whose interaction with
biofilm inside the biofilter is much lower than alkanes with longer
carbon chain) was injected along pentane at the same time. Then,
the inlet and outlet concentrations were recorded during thewhole
experiment (Fig. S2). It can be seen that the NRT of methane is
much lower than that of pentane, highlighting NRT as an appro-
priate technique to measure the compounds interaction with the
bedding.
Supplementary Fig. S3 demonstrates that EPeakArea values ob-
tained by short peak injections fits well with daily RE measure-
ments. It can be seen that the EPeakAreas of 0.9 mg peak injections atin function of time (days). (b) Peak injections of pentane at days 29, 40 and 85.
Fig. 4. (a) The peak area elimination (EPeakArea e %) as a function of empty bed residence time (EBRTe s) and as a function of time of operation (days). Experimental values are in
orange colour. (b) The peak area elimination (EPeakArea e %) in function of different pentane masses injected to the BF during stages II, III and V. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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(R2¼ 0.94) at different days. This good correlation indicates that the
RE of the BF could be properly estimated by short peak injections. In
addition, IL versus EC curves could be done using this method in a
fast and reliable way.
3.4. Empty bed residence time perturbation experiments
Among all parameters affecting the BF performance, the flow
rate, that determines EBRT, stands as one of the most important
design parameters to optimise because of its strong correlation
with BF dimension design as well as costs of construction, main-
tenance and operation. A decrease in the EBRTmeans an increase in
the pollutant loading that can be potentially removed by the BF. So,
in order to study the effect of the EBRT on pentane removal, peak
perturbations experiments were carried out at different stages.
Fig. 4a shows the evolution of EPeakArea as a function of the EBRTand
operational time. During the whole operational time, the capacity
of the BF to remove pentane pulse injections at EBRTs of 120 s or
above kept more or less constant, being the EPeakArea above 95%
most of the time. However, when EBRTs was set below 120 s the
ability of the BF to degrade this compound decreased dramatically,
highlighting a possible pentane mass transfer limitation. The fact
that the capacity to eliminate pentane of the BF greatly decreases at
EBRTs below 120 s could be explained because the BF was mostly
operated at an EBRT of 120 s i.e. rest of time in which EBRT ex-
periments were not taking place. Again, here we can see that there
were not significant differences among the Stage II and III, corre-
sponding to the phases when none or 0.25% w/ww HFS was added.
At the Stage IV, it can be seen that there was an important drop on
the EPeakArea at all the EBRTs tested. It can be related to the BF
condition, since at that stage a recovery period was taking place.
The utility of the results obtained during this phase proved the
usefulness of the peak perturbation method as a fast way to eval-
uate the state of the BF. Finally, at the stage V (1.5% w/wW HFS), the
best results were obtained. So, while the pentane removal was
fairly affected at an EBRT of 45 s at Stages II and III, obtaining an
average EPeakArea below 65%, at Stage V the EPeakArea did not
diminish from 90%. Also, the EPeakArea was significantly different at
the lowest EBRT tested (8 s) between the stages II and III and the V,
being 31 and 60%, respectively. However, due to the different
nutrient conditions applied to the bioreactor, the most importantconclusion to draw from these experiments was that RE is greatly
affected at EBRTs under 120s.
3.5. Increasing pentane mass injections
Most of microorganisms present in biofilters are sensible to
pulse loads or concentration alterations present on contaminated
industrial streams. Aiming to gain insights into the behaviour of the
BF before and after HFS addition under high concentration peaks,
different pentane masses ranging from 88 to 3.5 mg were injected
into the BF at the different stages of the present study. The relation
of the EPeakArea with the pentane mass injected per gram of BF
packing media is plotted in Fig. 4b. Repeatedly, these results
correlate satisfactorily with those shown in the figures above in
which the BF shows a better behaviour at Stage V. So, while the
EPeakArea at the stage V was above 98% under all the pentane mass
injections, at stages II and III the BF performance was worse.
3.6. CO2 evolution measurement þ nutrients
One of the weak points of the application of BFs in the industry
compared to the physico-chemical techniques is their lack of
resilience. Due to periods of time in which BFs are stopped or
recovering can be quite common, collecting the maximum infor-
mation possible during these recovery stages is desirable in order to
improve the recovery of industrial applicable biofilters. Therefore,
in a last part of this study, aiming to gain more insights on the
recovery stage of the BF, the CO2 generation and the nutrients
uptake were measured during the Stage IV, from day 64e78
(Fig. 2a), where the recovery of the BF took place. One of the weak
The CO2 produced (PCO2; gC-CO2 m3 h1) measured at the outlet
port of the BF as a function of total EC has been illustrated in Fig. 5a.
The black solid line highlights that every carbon from pentane
entering the BF is biologically oxidized into CO2. As it can be seen on
Fig. 2a, from day 72 the EC increased exponentially. In contrast, the
PCO2 moderately increased, resulting the final linear relationship
between PCO2 and total EC defined by a lower slope. Therefore, the
consequence was that during all the Stage IV, a 40% of the incoming
carbonwas transformed to CO2 and 60% remained in the BF packing
media becoming part of the biomass by assimilation.
NO3, PO4 and SO4 ions were also measured during Stage IV. At
day 64, just before the nutrient pulse, NO3 was completely
Fig. 5. (a) CO2 production (PCO2 e gC-CO2 m3 h1) as a function of pentane elimination capacity (ECtotal e gC-pentane m3 h1) from day 64e78. (b) The C/N molar ratio uptake by
gram of wet packing (mol C mol N1 g wet packing1) as a function of days.
J.J. Gonzalez-Cortes et al. / Chemosphere 254 (2020) 126738 7depleted being a possible reason why the overall performance was
worsening at the last days of stage III. The C/N molar ratio
consumed per gram of packing was plotted against time (Fig. 5b).
Linear regression showed that every gram of wet packing elimi-
nated 0.0078 mol of carbon from pentane per mole of nitrogen
(R2 ¼ 0.81). Compared to the rest of the ions measured, none of
them had significant difference along the measuring time, high-
lighting the nitrogen source as the most important nutrient.
4. Conclusions
The BF showed robustness at high ILs and HFS addition
enhanced the BF performance. The biofilm growth on the packed
bed has a strong interaction with pentane caused by its high hy-
drophobicitye showed by larger NRTof pentane after HFS addition.
At EBRTs lower than 120s the removal efficiency of the BF was
affected. Moreover, peak perturbation experiments, by means of
NRT/EBRT and EPeakArea determination, allow to evaluate the BF
performance in a fast way and provide essential information for its
design at pilot or industrial scale. On the last stage of the study,
when larger amounts of HFS and nutrients were added to the BF, a
RE increase at high IL was found. These findings suggest a possible
link between this performance improvement and the addition of
HFS and nutrients.
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